Introduction
The esterification of fatty acid with alcohol under acid catalyst is a reversible reaction limited by the low equilibrium conversion and slow reaction rate 1 . To perform highyielding esterification with equimolar reaction of carboxylic acid and alcohol under mild conditions, activated derivatives of carboxylic acids carboxylic acid chlorides or anhydrides have been often employed 2 4 . Carboxylic anhydrides in organic chemistry are acylating agents appreciated for their high reactivity compared to carboxylic acids 5 . They are also important classes of chemicals that have been used extensively as synthetic intermediates in the preparation of variety of fine or special chemicals such as amides, esters, peptides, drugs, etc. 6 . Mixed anhydrides obtained from two different carboxylic acids are molecules finding an increasing interest in the chemical industry due to their high reactivity resulting from the difference in pK values of the two moieties in asymmetric molecules 7, 8 .
The aim of this work is the synthesis of fatty esters from mixed carboxylic fatty anhydrides using heterogeneous acid catalyst. They constitute an important class of useful chemical intermediates in the synthesis of several products 9 11 . These compounds are essential chemicals that are widely used in food, pharmaceutical, cosmetic, detergent, plasticizer, lubricant, textile and other industrial applications 10 14 .
In a previous work we have prepared mixed carboxylic fatty anhydrides in organic solvent and in the presence of triethylamine as acid acceptor 15 . These mixed anhydrides were prepared from palmitic acid and aliphatic or aromatic carboxylic acid chloride. This work describes a novel and efficient method of synthesis of fatty esters by esterification of mixed carboxylic fatty anhydrides using heterogeneous acid catalyst. We have investigated the reactivity of some carboxylic palmitic anhydrides in the esterification reaction of primary, secondary and tertiary alcohols and in the presence of resin Amberlyst-15. We have optimized the conditions for maximum esterification yields by varying different reaction parameters such as molar ratio anhydride/alcohol , effect of catalyst amount and type of alcohol.
ceived. It is brown-grey solid having the following physical properties: ionic form: hydrogen, matrix: styrene-divinylbenzene, particle size: 300 μm, maximum operating temperature: 120 , exchange capacity: 4.7 meq/g.
Preparation of mixed carboxylic-palmitic anhydride
Mixed anhydrides were prepared by reaction between palmitic acid as fatty acid, acid chloride such as acetyl chloride, pivaloyl chloride, benzoyl chloride and 4-chlorobenzoyl chloride and triethylamine with the molar ratios 1:1.1:1.1. The reaction proceeded at room temperature for three hours in hexane 50 mL . The obtained crude anhydrides were used in the esterification reaction with different alcohols.
These crude mixed anhydrides were employed directly in the esterification reaction. Their composition was determined by 1 H NMR and resumed in Table 1 .
2.3 Esteri cation of alcohols by mixed carboxylic-palmitic anhydrides The esterification reactions of primary, secondary and tertiary alcohols with crude anhydrides mixtures, were performed in hexane as solvent 25 mL in the presence of an ion-exchange resin Amberlyst-15 . The esterification reactions were refluxed with stirring for 4 hours. Different initial molar ratios between crude anhydrides and alcohols were employed 1:1, 1:2 and 1:4 . The influence of amount in Amberlyst-15 cation resin exchange capacity: 4.7 meq/ g was investigated. When the reaction was completed, the reaction mixture was filtered and the Amberlyst-15 washed with hexane 20 mL . The solvent was then evaporated to dryness and the crude product was weighed and analysed by IR, 1 H NMR and 13 C NMR spectroscopy Table 2 .
Spectroscopic analysis
The IR analysis was performed using a spectrometer type Perkin Elmer Spectrum version 10 in a wave number range of 500-4000 cm 1 3 Results and discussion 3.1 Esteri cation of primary and secondary alcohols with crude mixed anhydrides Mixed anhydrides used in this study were freshly prepared by the action of palmitic acid on aromatic or aliphatic acid chlorides as indicated in Scheme 1 15 . The action of crude mixed anhydrides on primary 2-phenylethanol and benzyl alcohol or secondary 2-butanol alcohols proceeded in hexane under reflux, in the presence of ion-exchange resin Amberlyst-15 as heterogeneous catalyst 15 . The reaction mixture, consisted of the two acids and two esters, was so complex as shown in Scheme 2 15, 16 .
The esterification reaction was performed with crude mixed aromatic palmitic anhydrides benzoic palmitic, 4-chlorobenzoic palmitic and mixed aliphatic palmitic anhydrides palmitic pivalic and acetic palmitic on alcohols 2-phenylethanol, alcohol benzyl and 2-butanol with a molar ratio anhydride/alcohol 1:2 in the presence of 2 g of Amberlyst-15 resin 9.4 meq active sites/1.3 10 3 mol of mixture crude anhydride . The structures of the products obtained at the end of reaction were determined by IR and 1 H and 13 C NMR analyses and the results are shown in Table 2 .
Representative IR, 13 C NMR and 1 H NMR spectra of the crude product, obtained by esterification of 2 phenhylethanol with 4-chlorobenzoic palmitic anhydride Table 3 entry 2 , were taken as representative examples and included respectively in Figs. 1, 2 and 3.
The IR spectra showed that all crude products were The analysis by 13 C NMR confirmed these remarks. Some 13 C NMR spectra showed indeed, 4 peaks relating to a carbonyl C O in the region 166-180 ppm , reflecting the presence of mixture of two types of ester and two types of acid entry 1, 8, 9 . Other 13 C NMR spectra showed 2 or 3 peaks relating to a carbonyl C O reflecting the presence of mixture of a single type of ester and two types of acid entry 2, 3, 5 , 6, 7 or the presence of mixture of a single The existence of an electron withdrawing group Cl on aromatic ring of mixed anhydride promotes the formation reaction 1 of palmitic acid ester entry 4: 52 . Similar results were emphasized in the literature. They show that electron-withdrawing groups Cl, F, NO 2 increase the reactivity of substituted benzoic anhydrides and promote the formation of aliphatic esters 15, 17 19 .
In addition, the formation rate of benzoic ester was much slower than that of aliphatic acid ester when we used the mixed anhydrides as reagents of esterification 15, 16, 19 .
Indeed, the aromatic acid esters were obtained in a low yield in the case of esterification by the mixed aromatic palmitic anhydrides entry 1: 14.74 and entry 4: 3 . These results indicate that 4-chlorobenzoic palmitic anhydride was more reactive and more selective than benzoic palmitic anhydride in the case of esterification of primary alcohol 2-phenylethanol .
Mixed Aliphatic palmitic anhydrides were less reactive and less selective than their mixed aromatic palmitic anhydrides. The 2-phenylethyl palmitate was obtained with a less yield in the case of palmitic pivalic and acetic palmitic anhydrides entry 8: 41 and entry 9: 42. 73 . we note that the esterification with these anhydrides promotes the reaction 2 Scheme 2 and leads to the formation of undesirable ester C with important yield entry 8: 20 and entry 9: 42.73 . 4-chlorobenzoic palmitic anhydride remained selective in the esterification reaction of benzyl alcohol giving only benzyl palmitate but with a yield entry 5: 16 lower than that recorded in the case of esterification of 2-phenylethanol. Benzoic palmitic anhydride was selective but less reactive than 4-chlorobenzoic palmitic anhydride in the case of esterification by benzyl alcohol entry 2: 8 . Mixed Aromatic palmitic anhydrides were selective in the case of esterification by the secondary alcohol 2-butanol but less reactive. As example the 2-butyl palmitate esterified with 4-chlorobenzoic palmitic anhydride was obtained with a 14 yield entry 6 and that when anhydride and alcohol were employed in stoichiometric amounts. Improved yield of 2-butyl palmitate entry 7: 31 was observed when increasing the molar ratio anhydride/alcohol from 1:2 to 1:4. Benzoic palmitic anhydride was selective but less reactive than 4-chlorobenzoic palmitic anhydride in the esterification of 2-bantanol entry 3: 10 . The molar compositions of crude products, obtained from 1 H NMR spectra, showed that the amount of palmitic acid ester in the reaction mixtures depended on the nature of alcohol and mixed anhydride used in esterification reaction. To improve the yield of esterification of primary and secondary alcohols, we have varied the molar ratio anhydride/alcohol and the amount of catalyst while keeping Table 3 entry 2 .
Esterification of Mixed Carboxylic-fatty Anhydrides Using Amberlyst-15
constant the other experimental conditions such as solvent, time reaction and temperature. This study was performed with 4-chlorobenzoic palmitic anhydride as most selective and responsive in the esterification of tested primary and secondary alcohols.
Effect of Amberlyst-15 catalyst amount
To study the effect of resin amount on the yield of palmitic acid esters, the esterification of alcohols 2-phenylethanol, benzyl alcohol and 2-butanol with 4-chlorobenzoic palmitic anhydride was carried out with a molar ratio anhydride/alcohol equal to 1:2 and in the presence of 2 g, 0.5 g and 0.25 g of Amberlyst-15 resin corresponding respectively to the ratios 4, 1 and 0.5 equivalent of active sites/ equivalent of alcohol . The structures of products obtained at the end of reaction were determined by IR and 1 H and 13 C NMR analysis Table 3 .
The yields of palmitic acid esters were calculated by the ratio between the experimental molar percentage of these esters and their theoretical molar percentage directly related to the starting anhydride mixture composition. The theoretical molar compositions were calculated assuming that 4-chlorobenzoic-palmitic anhydride reacted only by its palmitic group, the results of this calculation are shown in Table 4 .
It was noted a decrease in the resin amount accompanied by a clear increase in the molar percentage of palmitic acid esters of benzyl alcohol and 2-butanol entry 6: 90.90 and entry 9: 90.71 .
We note that the selectivity of esterification reaction was not affected by the variation of resin amount because we obtain in all cases a reaction mixture consisting by palmitic acid ester. The resin amount did not affect the composition of reaction mixture in the case of 2-phenylethanol but had a remarkable effect in case of the two other alcohols.
These results are in good agreement with those of literature who show that the presence of wide excess of active sites with regard to the reactants can have an inhibitory effect on the rate of esterification reaction. It was shown that the reaction rate of esterification of free fatty acids in olive-pomace oil with ethanol in the presence of macroporous ion exchange resin type SPC118 was maximal for a ratio active sites/free fatty acids equal to 1 20, 21 . We have proven in a previous work realized in our laboratory that when the ratio active sites/alcohol was equal or less to 1, the yield was better than if the ratio was greater 21 . This was probably due to the presence of excess in active sites which caused a decrease in probability of meeting of reactants in the same active site so the yield in product of reaction decreased too 21, 22 .
Effect of molar ratio anhydride/alcohol
We have studied the effect of molar ratio anhydride/ alcohol on the yield of palmitic acid esters. Esterification was performed by 2-phenylethanol or benzyl as primary alcohols and by 2-butanol as secondary alcohol, with crude mixed 4-Cl-benzoic-palmitic anhydride. The reactions were performed in the presence of 0.5 g of Amberlyst-15 resin. The molar ratios anhydride/alcohol were fixed to 1:1, 1:2 and 1:4, corresponding respectively to the reports equivalent of active sites/equivalent of alcohol of 2, 1 and 0.5. The structures of the obtained products were determined by IR and 1 H and 13 C NMR analysis and the yields of palmitic acid esters were calculated by the ratio between the experimental molar percentage of these esters and their theoretical molar percentage Table 5 . We note that the selectivity of esterification reaction was not affected by the variation of molar ratio anhydride/ alcohol because we have obtained in all cases a reaction mixture consisting by the palmitic acid ester. It should be noted that any increase in the molar ratio anhydride/ alcohol was accompanied by an increase in the molar percentage of palmitic acid ester for the three alcohols. Palmitic acid was totally esterified from a molar ratio anhydride/alcohol 1:2 in the case of 2-phenylethanol. Palmitate 2-phenylethyl was obtained with a yield of 94.47 entry 2 . In the case of esterification of the two other alcohols, it was necessary to increase the molar ratio anhydride/ alcohol beyond 1:2 to improve the yield in palmitic acid esters. For a molar ratio anhydride/alcohol equal to 1:4, with benzyl alcohol and 2-butanol, a yield of 90 was reached. This improvement was attributed mainly to the displacement of chemical equilibrium of esterification reaction when we increased the concentration of one of the two reactants and also to the decrease of ratio equivalent of active sites/equivalent of alcohol which passed from 2 to 0.5.
It was clear, in light of these results that mixed 4-chlorobenzoic palmitic anhydride had good reactivity and high selectivity for esterification of primary and secondary alcohols. Experimental conditions used in the initial moment were essentially related to the amount of ion exchange Table 4 Theoretical composition in the crude mixture of esterification reaction.
Crude anhydride composition
Theoretical composition of the crude mixture: Esterification by palmitic group 73%: 4-Cl-benzoic palmitic anhydride 19.6%: palmitic anhydride 7.4%: 4-Cl-benzoic anhydride 9.8%: palmitic acid 40.2%: 4-Cl-benzoic acid 46.3 %: palmitic acid ester 3.7%: 4-Cl-benzoic acid ester resin catalyst Amberlyst-15 and to the molar ratios of reactants. Excellent yields of esterification of primary and secondary alcohols were reached when a molar ratio equivalent of active sites/equivalent of alcohol was equal or less to 1 and molar ratio of reactants anhydride/alcohol equal or greater than 1:2.
Esterification of tertiary alcohols with crude mixed
anhydrides Preliminary tests of esterification of tertiary alcohols 2-methyl-2-propanol and salicylic acid were realized with crude mixed anhydrides. The molar ratio of reactants anhydride/alcohol was fixed to 1:2 and the quantity of Amberlyst-15 resin to 0.5 g ratio equivalent active sites/ equivalent alcohol equal to 1 . The reaction with 2-methyl-2-propanol was carried out in hexane and that of salicylic acid, non soluble in hexane, was carried out in dichloromethane. The structures of products obtained at the end of reaction were determined by IR, 13 C NMR and 1 H NMR analysis Table 6 . We note that all mixtures obtained at the end of reactions did not contain any traces of ester and anhydrides used as reactants were completely converted to their corresponding acids. We assume that this behavior is due to the sterical hindrance that impedes the access towards the reaction center, or in some cases the access is limited, that makes the reaction rate very slow compared with normalchain alcohols 23 .
Conclusion
In the present work, we have investigated the reactivity of some mixed anhydrides of palmitic acid in the esterification reaction of primary, secondary and tertiary alcohols and in the presence of resin Amberlyst-15 as heterogeneous catalyst. We have optimized the conditions for maximum yields of esterification by varying different reac- tion parameters such as molar ratio anhydride/alcohol , effect of catalyst amount and type of alcohol. Among tested anhydrides we quote mainly 4-chlorobenzoic palmitic anhydride because it was both reactive and selective for the preparation of palmitic acid ester. Mixed aromatic palmitic anhydrides were selective in the case of esterification by secondary alcohol 2-butanol but less reactive.
It was noted that a decrease in the resin amount was accompanied by a clear increase in the molar percentage of palmitic acid ester of benzyl alcohol and 2-butanol which means important yields of these esters. Any increase in the molar ratio of anhydride/alcohol was accompanied by an increase in the molar percentage of palmitic acid ester for the three alcohols 2-phenylethanol or benzyl alcohol as primary alcohols and by 2-butanol as a secondary alcohol . The palmitic acid was totally esterified from a molar ratio anhydride/alcohol 1:2 in the case of 2-phenylethanol. In the case of esterification of the two other alcohols, it was necessary to increase the molar ratio anhydride/alcohol beyond 1:2 to improve the yield of palmitic acid ester. This improvement was attributed mainly to the displacement of chemical of esterification reaction equilibrium when we increase the concentration of one of the two reactants and also to the decrease of ratio equivalent of active sites/ equivalent of alcohol which passed from 2 to 0.5. The reaction between prepared mixed anhydrides with some tertiary alcohols did not contain traces of ester and the anhydrides used as reactants were completely converted to their corresponding acids.
Actually we are studying the synthesis of sugar esters by the esterification reaction of sugar with mixed carboxylicpalmitic anhydrides using resin Amberlyst-15 as heterogeneous acid catalyst. Sugar esters are nonionic surfactants. Their potential applications extend from human food to drugs formulation and biochemical studies. The most studied methods were the biotechnological ways using enzyme as a catalyser. 
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